A number of genetic determinants required for bacterial colonization of solid surfaces and biofilm formation have been identified in different micro-organisms. There are fewer accounts of mutations that favour the transition to a sessile mode of life. Here we report the isolation of random transposon Pseudomonas putida KT2440 mutants showing increased biofilm formation, and the detailed characterization of one of them. This mutant exhibits a complex phenotype, including altered colony morphology, increased production of extracellular polymeric substances and enhanced swarming motility, along with the formation of denser and more complex biofilms than the parental strain. Sequence analysis revealed that the pleiotropic phenotype exhibited by the mutant resulted from the accumulation of two mutations: a transposon insertion, which disrupted a predicted outer membrane lipoprotein, and a point mutation in lapG, a gene involved in the turnover of the large adhesin LapA. The contribution of each alteration to the phenotype and the possibility that prolonged sessile growth results in the selection of hyperadherent mutants are discussed.
INTRODUCTION
The development of a multicellular community associated with a surface and surrounded by an exopolymeric matrix, referred to as a biofilm, is common to a variety of bacteria under different environmental conditions. Biofilm formation has received increasing attention due to its importance in medicine, since biofilm populations are considered relevant to chronic infection, and are more resistant to the action of antibiotics and biocidals than planktonic populations (Anderson & O'Toole, 2008; Høiby et al., 2010) . Biofilm development is also relevant in industrial settings and in the design of bioreactors (Nicolella et al., 2000; Singh et al., 2006) . Genetic determinants that play a role in biofilm formation have been unravelled in different bacterial species, and environmental and cellular signals that influence this process have also been described. These include iron availability, quorum sensing, and the intracellular secondary messenger cyclic di-GMP (Banin et al., 2006; Patriquin et al., 2008; Ueda & Wood, 2009; Coenye, 2010) . Changes in the levels of cyclic di-GMP correlate with phenotypic changes associated with virulence, motility, colony morphology, production of exopolysaccharides, and the transition between planktonic and sessile lifestyles (Hengge, 2009; Römling & Simm, 2009, and references therein) . Changes in the expression of different functions are also associated with one or the other lifestyle; in Pseudomonas aeruginosa and Pseudomonas putida, for example, differential expression of flagellar components has been observed when comparing planktonic and biofilm populations, and even during the various stages of biofilm development (Sauer & Camper, 2001; Sauer et al., 2002; Toutain et al., 2007) . In the former organism, swarming motility and surface attachment are inversely regulated through a pathway that involves BifA, a cyclic-di-GMP phosphodiesterase, and the membrane protein SadC Kuchma et al., 2007) .
Biofilm formation under various experimental settings follows a sequence of events that begins with a fraction of the bacterial population attaching to the solid surface and settling on it, while the rest remain as planktonic cells or attach and immediately detach from the surface, in what has been called 'reversible attachment' (Monds & O'Toole, 2009) . Our own observations of adhesion of the plantbeneficial bacterium P. putida KT2440 to plant seeds indicate that only a small percentage of the population initiates attachment to the surface (Espinosa-Urgel et al., 2000; Yousef-Coronado et al., 2008) . This leaves open the possibility that in the planktonic population a subpopulation specialized in surface colonization arises, and therefore it might be possible to isolate mutants locked in a biofilmprone genetic programme. Mutations that cause an increase in the intracellular levels of cyclic di-GMP have been shown to enhance biofilm formation and reduce detachment from the surface in different micro-organisms (Kuchma et al., 2010; Gjermansen et al., 2006) . In Escherichia coli, inactivation of cysE, the gene encoding serine acetyltransferase, which converts serine into O-acetyl-L-serine, a molecule that may act as an extracellular signal, results in accelerated biofilm formation (Sturgill et al., 2004) . In P. putida, lapG, a gene that causes reduced detachment when disrupted, has been described (Gjermansen et al., 2010) . Recently (Newell et al., 2011) , it has been proven that LapG has proteolytic activity towards LapA, the major adhesin of Pseudomonas fluorescens and P. putida, and seems to be a key element in the turnover of LapA on the bacterial surface in response to environmental signals. In this work we report the isolation of P. putida mutants that show increased biofilm formation, and the characterization of mutations that alter the normal attachment/detachment dynamics of this bacterium.
METHODS
Bacterial strains, plasmids and growth conditions. P. putida KT2440, a plasmid-free derivative of P. putida mt-2 (Regenhardt et al., 2002) , was used in this study. Mutants ibi-626 and EU9 were obtained as described below. E. coli JM109 was used as host for cloning experiments, with plasmid pBBR1-MCS5 as cloning vector (Kovach et al., 1995) . E. coli donor and helper strains used for random transposon mutagenesis with mini-Tn5[Km1] have been described elsewhere (de Lorenzo et al., 1990) . Derivatives of KT2440 and ibi-626 carrying gfp in single copy in the chromosome were obtained using mini-Tn7, as described by Koch et al. (2001) .
Unless otherwise stated, cultures were grown in liquid Luria-Bertani (LB) medium (Lennox, 1955) or 1 : 10 LB, and on LB plates with 1.5 % agar, at 30 uC (P. putida) or 37 uC (E. coli). When appropriate, antibiotics were used at the following concentrations (in mg ml 21 ): ampicillin, 100; chloramphenicol, 30; kanamycin, 50; gentamicin, 10 and 100 for E. coli and P. putida, respectively.
Random transposon mutagenesis and selection strategy for hyperadherent mutants. Transposon mutagenesis with mini-Tn5 was done by triparental conjugation using the protocol previously described (Espinosa-Urgel et al., 2000) . Kanamycin-resistant clones were selected in minimal M9 medium with citrate as carbon source. For the selection of mutants with increased attachment capacity, the pool of transposon mutants was collected and~10 8 cells were inoculated in 3 ml liquid LB medium and grown in borosilicate glass tubes under orbital rotation. After 2 h of growth, the medium was removed to discard planktonic cells, the tubes were washed with M9, and 3 ml fresh LB was added. The same procedure was repeated three times. In this way, enrichment in mutants having increased attachment was expected. Finally, attached bacteria were allowed to grow for 3 h and removed from the surface by vortexing for 30 s in the presence of glass beads (3 mm diameter), followed by plating on selective medium.
Cloning of olpA and construction of olpA deletion mutant EU9.
A 1019 bp fragment containing the olpA gene, encoding a putative outer membrane lipoprotein (see Results), and its upstream region, were PCR-amplified and cloned in pBBR-MCS5, yielding plasmid pFY1. The insert was sequenced to ensure the absence of mutations. Plasmid pFY1 was used to construct an olpA mutant by replacement of an internal 500 bp fragment with a kanamycin-resistance cassette from p34S-Km3 (Dennis & Zylstra, 1998) . The olpA : : Km fragment was then cloned into pUC19. The resulting plasmid, pFY3, was electroporated into P. putida KT2440, and kanamycin-resistant clones were selected. Since the vector does not replicate in this organism, these clones were the result of either the integration of the plasmid into the chromosome by a single recombination event or the replacement of olpA by double recombination. The latter were selected after screening by PCR amplification. One clone (EU9) was chosen, and the corresponding chromosomal region was sequenced to confirm the mutation.
Swarming motility, biofilm formation and biofilm stability assays. Swarming motility was tested on 0.5 % peptone glycerol (PG) agar plates incubated at 25 uC, as previously described (Matilla et al., 2007) . Biofilm formation was examined during growth in polystyrene microtitre plates (Sterilin) or in borosilicate glass tubes, as described previously (Yousef-Coronado et al., 2008) . Biomass attached to the surface was visually inspected and quantified by staining with crystal violet, followed by solubilization of the dye with 70 % ethanol and measurement of A 580 (O'Toole & Kolter, 1998) . Biofilm stability after enzymic treatment was tested by incubating biofilms grown in microtitre plates (after 4 h of growth) with DNase (0.1 mg ml 21 ), cellulase (5 mg ml 21 ) or proteinase K (0.05 mg ml 21 ) for 15 or 80 min, and then staining and quantifying the attached biomass as described above. Data are given as the percentage of biomass retained in the biofilm with respect to untreated controls. Analysis of variance (ANOVA) and Student's t test were used for statistical analysis.
A modification of the method described by Gjermansen et al. (2006) was used for biofilm formation under flow conditions, using LB diluted 1 : 10 as growth medium. Biofilms were grown at 30 uC in three-channel flow chambers (BioCentrum-DTU, Technical University of Denmark), using a Watson-Marlow 205S peristaltic pump. Overnight cultures were diluted to OD 600 0.5, and 300 ml was injected into the flow chamber. The flow was turned off during the first hour to allow initial attachment of the cells. The flow was then turned on and kept at a constant rate of 3 ml h 21 (laminar flow conditions). Biofilm structures were visualized at different times of development with a Nikon C1 confocal laser-scanning microscope. Images were analysed with Imaris software (Bitplane), and biofilm parameters were calculated using COMSTAT (Heydorn et al., 2000) .
Microscopy. Colony morphology was visualized and photographed using a Euromex inverted microscope. For transmission electron microscopy, bacteria were recovered from exponentially growing cultures (OD 660 0.9) and adsorbed on Formvar-coated grids, stained with 1 % phosphotungstic acid for 30 s and air-dried. The grids were observed under a JEOL JEM-1011 transmission electron microscope at 80 kV. Images were obtained using an SIS Megaview III capture system and analySIS docu software. High-resolution scanning electron microscopy of biofilm-grown bacteria was performed at the Microscopy Service of Granada University with a Zeiss LEO Gemini 1530.
Molecular biology techniques. Plasmid and chromosomal DNA extraction, electrophoresis and other molecular techniques were performed following standard procedures. For Southern hybridization, a DIG DNA Labeling and Detection kit (Roche) was used. PCR amplification was done using the Expand High Fidelity PCR system (Roche). Restriction enzymes and DNA ligase were used as indicated by the manufacturers (New England Biolabs and Roche).
Isolation and quantification of extracellular polymeric substances (EPS). The method described by Cérantola et al. (2000) was used to extract the extracellular matrix components from biofilmgrown cultures. Essentially, biofilms were recovered after growth in LB and homogenized in PBS, and biomass was quantified for normalization by measuring turbidity at 660 nm. Cells were then removed by centrifugation at 10 000 g, and the supernatant was precipitated by adding six volumes of 95 % ethanol followed by centrifugation at 12 000 g (30 min, 4 uC). The resulting pellet was resuspended in distilled water, dialysed overnight and lyophilized. The presence of DNA and proteins was analysed by electrophoresis and quantified using an ND-1000 spectrophotometer (NanoDrop). Total sugars were quantified using the method described by Altman et al. (1987) .
Whole-genome sequencing and analysis. Sequencing of the complete genome of ibi-626 was done by BaseClear BV (Leiden, The Netherlands) using a Roche Illumina Genome Analyzer II. Chromosomal DNA (20 mg) was used as template, and 13 152 665 reads with a mean length of 58 bases were obtained, resulting in a total of 762 854 570 bases (~120-fold coverage for the 6.2 Mb genome of KT2440). Mapping of the sequence data was performed using CLCbio Genomic Workbench version 3.7. De novo assemblies were used for comparison with the reference genome sequence of KT2440 in collaboration with Bio-Iliberis R&D. Potential discrepancies were reassessed by PCR amplification and sequencing of the corresponding region in the wild-type and mutant strains.
RESULTS

Selection of P. putida transposon mutants with increased biofilm initiation capacity
A screen was carried out to identify P. putida mutants that showed increased biofilm formation, with a focus on the early stages of the bacteria-surface interaction. Random transposon mutagenesis was performed on P. putida KT2440 using mini-Tn5[Km1] (de Lorenzo et al., 1990) . The resulting kanamycin-resistant clones were pooled, and approximately 10 7 cells were inoculated into liquid LB medium. An enrichment method was designed to identify hyperadherent mutants, consisting of successive rounds of growth in liquid LB, with early removal of planktonic cells and addition of fresh medium, leaving only the initial colonizers of the tube surface, as detailed in Methods. After such rounds of enrichment, bacteria attached to the surface were recovered. Dilutions were plated, and 1920 individual clones were subsequently assayed for biofilm formation in microtitre plates. Clones showing significantly increased attached biomass after 3 h of growth (termed ibi mutants, for increased biofilm initiation) were chosen for further analysis. Insertion of a single copy of mini-Tn5 was checked by Southern hybridization, using the kanamycinresistance gene as a probe. Clones in which more than one band was observed were discarded. The insertion sites of the minitransposon were determined in the remaining mutants by arbitrarily primed PCR and sequencing, as described in Methods. Mutant ibi-206 was affected in PP_5007, encoding an ancillary protein involved in accumulation of polyhydroxyalkanoate (PAH) granules. PAH biosynthesis is differentially regulated in biofilm and planktonic cells of P. aeruginosa PAO1, and PAH-deficient mutants have been reported to display increased alginate production, associated with changes in biofilm structure and morphology (Pham et al., 2004; Campisano et al., 2008) . The gene disrupted in ibi-815 corresponded to putA, encoding proline dehydrogenase. This enzyme catalyses the two-step conversion of proline into glutamic acid, and has a regulatory role in its own expression, as well as in that of the proline transporter putP; it also plays a role in redox signalling (Vílchez et al., 2000; Fernández-Piñar et al., 2008) .
In the remaining four mutants, arbitrary PCR and DNA sequencing placed the insertion of mini-Tn5 in the same position in locus PP_0116. This gene encodes a 235 aa protein highly conserved in all Pseudomonas species sequenced so far. It shows the distinctive features of outer membrane lipoproteins (Yamaguchi et al., 1988; Terada et al., 2001) , with a 20 aa signal sequence that is predicted to be cleaved, leaving an N-terminal cysteine, typically involved in lipid binding, followed by a serine residue (MKPFASRYLLVAAFSLILAA/CS). We therefore termed the gene olpA (for outer membrane lipoprotein A). One of these mutants (ibi-626) was chosen for further characterization.
ibi-626 forms thicker and structurally more complex biofilms than KT2440
Biofilm formation by strain ibi-626 was analysed under different experimental conditions. As shown in Fig. 1 , the mutant formed thick biofilms on glass when grown in LB under rotation, leaving the liquid medium almost clear after 8 h, and remaining attached to the surface after 24 h, in contrast to wild-type cells, which were for the most part detached after this period. Quantitative analysis of biofilm development during growth under static conditions was performed in microtitre plates by staining with crystal violet and measuring absorbance. The results confirmed the increased attachment and reduced detachment phenotype of ibi-626 (Fig. 1) .
Biofilm development was then analysed in flow chambers by confocal laser-scanning microscopy (CLSM), with KT2440 and ibi-626 derivatives harbouring the gfp gene in single copy in the chromosome. While the wild-type strain formed relatively flat, unstructured biofilms, biofilms of the mutant were not only significantly thicker but also structurally different, with large protrusions and finger-like extensions visible after 6 h of growth (Fig. 2) . Quantitative analysis of biofilm features using the COMSTAT software (Heydorn et al., 2000) showed significant differences in biofilm parameters, including biomass, surface coverage and mean thickness at all times tested (Table 1) .
The mutation in olpA is only partially responsible for the phenotype of ibi-626
To confirm the role of olpA, the wild-type gene was PCRamplified and cloned into pBBR1-MCS5, as described in Methods. The resulting plasmid, pFY1, was introduced into ibi-626, and the phenotype of the complemented strain was tested. Intriguingly, the intact olpA gene in multicopy did not restore normal biofilm formation kinetics. Thus, ibi-626 harbouring pFY1 still formed thicker biofilms than the wild-type (not shown). This could indicate either that the mutation in olpA had a dominant character or that a secondary, spontaneous mutation was responsible for the increased attachment. The fact that the complemented strain showed an intermediate phenotype in terms of swarming motility (see below) suggested a cumulative effect of the olpA mutation and an additional mutation, leading to the pleiotropic effects observed in ibi-626. To test this hypothesis, a null olpA mutant was generated by replacement of the gene with a kanamycin-resistance cassette, as described in Methods. The resulting strain, EU9, did show increased attachment, but only at early time points; further biofilm development and detachment 3 . Quantitative analysis of biofilm formation by KT2440 (white bars), ibi-626 (grey bars) and EU9 (hatched bars) during growth in LB in microtitre plates. Attached biomass was quantified after staining with crystal violet as described in Methods. Data are mean±SD from three independent experiments (four replicates per experiment). Differences were significant (P50.05) between EU9 and KT2440 at 3 and 4 h of biofilm growth, and between ibi-626 and KT2440 at all time points. kinetics were similar to those of the wild-type strain (Fig.  3) , indicating that the hyperadherent character of ibi-626 is not solely due to the disruption of olpA, and that an additional mutation might be present.
Complete sequencing of ibi-626 reveals a point mutation that affects lapG
The genome of mutant ibi-626 was fully sequenced and compared with the reference genome of KT2440 (Nelson et al., 2002) to define potential mutations that could contribute to the phenotype of this strain. Several apparent discrepancies with respect to the reference sequence were checked by PCR amplification and sequencing of the corresponding region in ibi-626 and our laboratory KT2440 strain. Most were found to be sequencing inaccuracies or assembly gaps. A single-base insertion present in both strains with respect to the reference sequence was detected in locus PP_3932, yielding a protein longer than annotated in the databases but identical in length to homologous proteins from other Pseudomonas species (data not shown). However, deletion of a base pair within the coding region corresponding to locus PP_0164, 15 bp downstream from the initiation codon, was found in ibi-626, while in KT2440 the coding sequence was identical to the published reference sequence. This change causes a frameshift and early translation stop in the mutant ( Supplementary Fig. S1 ). In both KT2440 and ibi-626, a single base pair upstream of this locus is missing with respect to the published sequence. PP_0164 corresponds to lapG, a gene that has been proposed to act as a signal transducer in biofilm formation (Gjermansen et al., 2005) , and more recently has been shown to encode a cysteine protease that affects the function of LapA in P. fluorescens (Newell et al., 2011) , the main adhesin of this bacterium and of P. putida (Hinsa et al., 2003; Yousef-Coronado et al., 2008) . Transposon mutants in which lapG is disrupted have been shown to be defective in detachment from biofilms, an effect that is compensated when lapA is Fig. 4 . The presence of lapG in multicopy inhibits biofilm formation. Bacterial attachment was followed during growth in glass tubes under orbital rotation. Images correspond to 3 h (top row) and 6 h (bottom row) of growth. also disrupted (Gjermansen et al., 2005 (Gjermansen et al., , 2010 . Interestingly, the four olpA mutants identified in the initial screening for ibi clones had the same point mutation in lapG.
The above results indicated that both olpA and lapG mutations contribute to increased adhesion and reduced detachment of ibi-626. The involvement of the lapG mutation in the phenotype of ibi-626 was confirmed by cloning the intact gene from KT2440 into the vector pBBR1-MCS5, and introducing the resulting plasmid, pME164, into KT2440, EU9 and ibi-626. As shown in Fig. 4 , the presence of lapG in multicopy inhibited adhesion of all strains to glass.
Pleiotropic effects of lapG and olpA mutations
In P. aeruginosa, biofilm formation and swarming motility are divergently regulated (Kuchma et al., 2010) , so that conditions that promote the transition to the sessile lifestyle are associated with an inhibition of swarming motility (Kuchma et al., , 2010 Merritt et al., 2007) . However, swarming motility was enhanced in mutant ibi-626 with respect to the wild-type strain (Fig. 5a) , suggesting that the two processes are not inversely regulated in P. putida. Complementation of the olpA mutation with pFY1 resulted in an intermediate phenotype in terms of swarming (Fig. 5a) , and a similar phenotype was observed for mutant EU9, indicating that both mutations (olpA and lapG) contribute to the increase in swarming motility. It has been reported that type IV pili participate in this surface movement in P. putida KT2440 (Matilla et al., 2007) . Comparison of KT2440 with ibi-626 by transmission electron microscopy revealed that cells of the ibi-626 mutant had a larger number of surface appendages (presumably pili) than the wild-type (Fig. 5b) . This could account for the differences in swarming motility. The mutant also showed altered colony morphology ( Fig. 5c ) and formed a denser, clumpy pellicle at the air-liquid interface when grown under static conditions (Fig. 5d) . The colony morphology and pellicle formation of EU9, however, were indistinguishable from those of KT2440.
We considered the possibility that these two characteristics of ibi-626 were due to an increase in EPS production. Scanning electron microscopy was also used to study cells of both strains after 6 h of biofilm development on glass coverslips. Compact aggregates of ibi-626 cells could be observed, with an extracellular matrix clearly distinguishable, whereas KT2440 cells at this stage were only beginning to form microcolonies and the extracellular matrix was less evident (Fig. 6) . Quantification of EPS after dialysis and lyophilization confirmed that the amount of EPS was larger in the ibi-626 mutant than in the wild-type (data not shown). Analysis of total carbohydrates and DNA did not indicate significant differences between the two strains. However, the protein content of the extracellular matrix was 1.7-fold higher in the mutant than in the wild-type (2.62 and 1.59 mg ml
21
, respectively).
The robustness of the biofilms formed by KT2440 and ibi-626 was tested by analysing biofilm dispersal after enzymic treatments targeting components of the extracellular matrix.
As shown in Fig. 7 , no significant differences between the two strains were observed after DNase treatment, whereas ibi-626 biofilms were more resistant to protease, requiring prolonged exposure to this enzyme for disaggregation. These and the data above indicate that in ibi-626 there is an increase in the amount of extracellular proteins that form part of the biofilm matrix, suggesting that LapG exerts a similar role in P. putida as that in P. fluorescens. Addition of cellulase did not have a significant effect on biofilms of either strain (data not shown), which is consistent with indications that cellulose is not the most relevant EPS during biofilm formation by P. putida under the conditions used here Nilsson et al., 2011; Matilla et al., 2011) .
DISCUSSION
Genetic analysis of biofilm formation has for the most part been approached with 'function loss' strategies, oriented towards the identification of mutations that cause defects in bacterial attachment and/or biofilm development. However, our understanding of how bacteria adapt to the biofilm lifestyle, and the selective forces acting on sessile populations, can also benefit from the analysis of mutations that give rise to variants with increased biofilm formation capacity. This approach may give indications of the potential specialization of a portion of the bacterial population towards a sessile lifestyle, either as the result of bistability or due to phase variation phenomena. Bistability, i.e. the coexistence of two subpopulations that show different gene expression programs within a genetically identical population, has been proposed as a mechanism underlying the specialization of bacteria in biofilms (Chai et al., 2008) . In this work we have obtained transposon mutants that show a hyperadherent phenotype and characterized one of them, ibi-626. The dramatic phenotype exhibited by this mutant turned out to be the consequence of the combined effects of two mutations, the disruption of the putative lipoprotein OlpA by the transposon insertion, and an additional point mutation in lapG. The former seems to be responsible for increased early attachment, while the latter contributes to increased biofilm development and prevents detachment of cells from the established biofilm.
The specific role of OlpA remains to be fully explored. Analysis of its sequence reveals the presence of a tetratricopeptide repeat profile. This profile appears in different proteins, among them a family of lipoproteins (InterPro IPR017689) that includes YfiO, involved in outer membrane assembly in E. coli (Gatsos et al., 2008) , and ComL, which participates in DNA uptake and transformation in Neisseria gonorrhoeae (Fussenegger et al., 1997) . However, OlpA has little sequence similarity with these two proteins, and homologues of OlpA seem to be restricted to Pseudomonas species. Several lipoproteins have been described as having an effect on biofilm formation by different bacteria (Vasseur et al., 2007; Uhlich et al., 2009) . In P. putida, expression of the outer membrane lipoprotein NlpD is downregulated following adhesion to the solid surface (Sauer & Camper, 2001) , and recently, NlpI, an E. coli lipoprotein, has been shown to negatively affect production of extracellular DNA (Sánchez-Torres et al., 2010), which in other microorganisms is an important component of the extracellular matrix in biofilms. In P. putida KT2440, however, extracellular DNA seems to have a secondary role, since DNase treatment of biofilms has a limited effect on the biomass associated with the surface, while protease treatment causes significant disruption of the biofilm. The fact that ibi-626 biofilms were more resistant to protease than wild-type biofilms is in agreement with the proteolytic effect of LapG upon LapA (Newell et al., 2011) . The absence of LapG would prevent LapA, the major adhesin of P. putida, from being cleaved from the bacterial surface and hence would increase the protein content of the biofilm matrix. The accumulation of two independent mutations in ibi-626 could be interpreted as an indication that the enrichment method used had favoured the selection of spontaneous lapG mutants present in the planktonic population, while the additional effect of the olpA mutation would have contributed to their being chosen as highly hyperadherent in the analysis of individual clones. Alternatively, the transposon insertion in olpA could be responsible for the increased attachment initiation, the point mutation in lapG being selected for within the biofilm population, as it might confer an advantage under conditions designed to favour sessile growth.
Preliminary data suggest that the second interpretation is correct. An enrichment and selection method identical to that used to identify ibi mutants was employed with wildtype KT2440 cultures. Under the same conditions and with the same number of biofilm enrichment rounds, no hyperadherent variants were obtained. However, when the enrichment rounds were doubled, three, out of 1920, clones that showed increased biofilm formation could be identified. These results are consistent with the selection of spontaneous hyperadherent variants under conditions that favour prolonged sessile growth. In the case of ibi-626, these conditions could have been promoted by the increased early attachment caused by disruption of olpA. Interestingly, sequence analysis of olpA and lapG in the three spontaneous variants showed that in all cases the two ORFs were intact, suggesting that multiple genetic traits can be altered to result in a bias towards the sessile mode of life.
